Sodium-dependent bile acid transport in the rat ileum is abruptly expressed at weaning. Degenerate oligonucleotides, based on amino acid sequence identities between the rat liver and hamster ileal transporters, were used to amplify a rat ileal probe. A 1.2-kb cDNA clone, which contains the full coding region (348 amino acids, 38 kD), was isolated by hybridization screening. In vitro translation yielded a 38-kD protein which glycosylated to 48 kD. Sodium-dependent uptake of taurocholate was observed in oocytes injected with cRNA. Northern blot analysis revealed a 5.0-kb mRNA in ileum, kidney, and cecum. A 48-kD protein was detected in ileal brush border membranes and localized to the apical border of villus ileal enterocytes. mRNA and protein expression, which were negligible before weaning, increased dramatically at weaning. Nuclear transcription rates for the transporter increased 15-fold between postnatal days 7 and 28. The apparent molecular weight of the transporter also increased between days 19 and 28. In summary, the developmental regulation of the rat ileal sodium-dependent bile acid cotransporter is characterized by transcriptionally regulated increases in mRNA and protein levels at the time of weaning with changes in apparent molecular weight of the protein after weaning. (J. Clin. Invest. 1995. 95:745-754.) 
Introduction
Sodium-dependent uptake of bile salts at the apical border of ileal enterocytes is ontogenically regulated (1) (2) (3) (4) (5) . Using everted intestinal rings, mucosal uptake of taurocholate has been demonstrated in 2-wk-old dogs and rats, with an absence of concentrative capacity at younger ages (1, 2) . Sodium-dependent uptake of taurocholate has been observed in humans using intestinal rings prepared from the ileum of an 8-mo-old child but was not present in neonatal or fetal tissue (3) . Kinetic analysis using brush border membrane vesicles (BBMV)' from rat ileum showed that this phenomenon was related to the expression of carrier-mediated sodium-dependent bile acid transport activity (4, 5) . The onset of this transport function is relatively abrupt. At postnatal day 16 there is no evidence of sodium-dependent transport, while it is clearly present at 17 d. Concentrative uptake, indicated by "overshoot-transport," is not seen until day 18, and the VI,, for this system reaches 75% of adult levels by 21 d (5) .
The mechanisms controlling the ontogenic regulation of ileal bile acid transport are not well understood. Endogenous surges in corticosteroid and thyroid hormones may be involved as evidenced by their capacity to induce precocious expression of transport activity in suckling animals (6, 7) . Bile flow increases during the first weeks of postnatal life in the rat as a result of expansion of the bile salt pool and maturation of the hepatic basolateral and canalicular transporters (8) . The subsequent increase in presentation of bile salts to the terminal ileum may also influence development, since gavage administration of bile salts induced precocious expression of transport activity (9) . It is unknown what role "hard-wiring" plays in this process (10) . There is conflicting evidence as to the role of intestinal brush border membrane fluidity changes during development and their effect on bile salt transport capacities (11, 12) .
Further understanding of the developmental regulation of this system has been hindered by the absence of molecular probes for this carrier. The recent expression cloning of the sodium-dependent bile acid cotransporters on the rat liver basolateral membrane (BSBT) and the hamster ileum apical border (ASBT) has permitted us to clone the rat ASBT and examine its ontogeny at a molecular level (13, 14) . Sequence analyses of the rat BSBT and hamster ASBT revealed that there were three stretches of at least six amino acids each which were conserved across tissue and species lines. Two of these regions were used to design degenerate oligonucleotide primers to amplify a probe which led to the cloning and molecular characterization of the rat ileal transporter. The developmental regulation of this system was then examined at the level of transcription, mRNA, and protein expression. Rat cDNA cloning and sequencing. Lambda phage DNA was prepared from liquid culture lysates of the amplified rat ileal cDNA library (15) . A rat ileal-specific probe was amplified from this DNA using two oligonucleotide primers (sense primer with BamHI linker, CGGGATCCC-AGTTTGG(C/A)ATCATGCC(C/T)CTC and antisense primer with EcoRI linker GGAATTC(A/G)AG(G/T)GGCATCAT(G/T)CC(A/ C )A(A/G)GGC), which were degenerate for the nucleotide sequences of the conserved amino acid sequences of the rat BSBT protein (13) (amino acids [aa] 68-74 and 130-136) and the hamster ASBT (14) (aa 75-81 and 137-143). PCR amplification was carried out according to the manufacturer's (Perkin Elmer Cetus Corp.) guidelines with an annealing temperature of 55°C. The 206-bp product was concentrated using a Centricon-100 apparatus (Amicon, Beverly, MA), digested with BamHI and EcoRI (New England Biolabs Inc., Beverly, MA), purified by agarose gel electrophoresis, and ligated into a BamHI/EcoRI-digested pBluescript II SK+ (Stratagene, La Jolla, CA). Nucleic acid sequencing of the subcloned product was performed at the William Keck Biotechnology Resource Laboratory using AmpliTaq DNA polymerase and an ABI 373A automated sequencing system (Applied Biosystems Inc., Foster City, CA) (reference 16).
The 206-bp subcloned product above was labeled with [32P]dCTP by random primed synthesis (GIBCO-BRL, Gaithersburg, MD) and used to screen the rat ileal cDNA library using standard filter hybridization techniques (17) . On tertiary screen nine clones were isolated, one of which (BS37C1) was directly subcloned into pBluescript using the ExAssist/SOLR system according to the manufacturer (Stratagene).
Both strands of the 1,242-bp insert were sequenced using a series of oligonucleotide primers (Fig. 1 ). Sequence analysis was performed using software of the Genetics Computer Group (Madison, WI).
In vitro translation and oocyte expression. Capped cRNA was synthesized from KpnI-linearized plasmid using T3 polymerase (Promega Corp.). 2 ug of cRNA were translated with a rabbit reticulocyte lysate and L-[35S]methionine in the presence of 0.5% Triton X-100. Translation in the presence of canine pancreatic microsomes without detergent was used to examine the effect of glycosylation on the electrophoretic mobility of the product. Brome mosaic virus RNA was used as a positive control and its translation products served as molecular weight markers (18, 19) . The specificity of the effect of the microsomes was assessed by digesting the product overnight with N-glycanase. Samples were solubilized in Laemmli buffer (1.37 M glycerol, 0.7 M P-mercaptoethanol, 0.07 M SDS, 0.06 M Tris, pH 6.8) at 37°C, separated by 8% SDS-PAGE, and detected by autoradiography after enhancement with Autofluor.
X. laevis oocytes were prepared as described previously (20) , injected with 9 ng of cRNA, and cultured for 60 h. stripped and reprobed with a full-length cDNA for cyclophilin, which appears to be constituitively expressed during this period of development (22, 23 assessed by coincubation with 40 Mug/ml of the 14-aa peptide. BBMV were prepared from developing terminal ileum by divalent cation precipitation as described previously (5) . 25 jug of BBMV was solubilized in Laemmli buffer at 37°C (identical results obtained at room temperature, 37°C, and by boiling), separated by 10% SDS-PAGE, and electrophoretically transferred to nitrocellulose (24) . Blots were probed with a 1 :10,000 dilution of immune IgG, and immunodetection was carried out using a chemiluminescent detection system (ECL; Amersham Corp., Arlington Heights, IL). The specificity of the immunodetection was assessed by preincubating a 2 mg/ml solution of the antibody with 1 mg/ml of the 14-aa peptide. The role of nonspecific aggregation in the formation of the 92-kD species was examined by the addition of 6 M urea to the Laemmli solubilization buffer and by Western Results cDNA cloning and sequencing. A 206-bp product resulted from amplification using the rat ileal cDNA library as substrate and the degenerate oligonucleotides as primers. Sequence analysis of this product revealed that it had 88 and 62% nucleotide identity with the hamster ASBT and rat BSBT, respectively. Using this product to probe total RNA from multiple rat tissues at high stringency, a single predominant transcript was detected in rat ileum and kidney, but not jejunum or liver (data not shown). This 206-bp product was then used to screen 500,000 clones from the rat ileal cDNA library. Nine colonies were positive on tertiary screening and were subcloned into pBluescript. One of these clones, BS37C1, was sequenced on both strands using a series of oligonucleotide primers2 (Fig. 1) (Fig. 2) . The initiator methionine (bp 116) was included in a Kozak consensus sequence (27) and was preceded by three in-frame stop codons (bp 26, 32, and 53). A poly(A) tract was found at position 1225, but was not preceded by an appropriate polyadenylation signal and thus is probably not the true 3' end of this cDNA. Two potential Nglycosylation sites were identified at amino acids 3 and 10. Kyte-Doolittle hydropathy plot analysis predicts a potential seven transmembrane topology similar to the predicted topologies for the rat BSBT and the hamster ASBT (13, 14) . Comparison of the amino acid sequences of the rat ASBT with the rat BSBT and the hamster ASBT sequences revealed 37 and 88% identity (64 and 95% similarity), respectively (Fig. 3) . There are four stretches of at least 5 aa which are conserved between the rat ASBT and BSBT and hamster ASBT sequences (aa 75-81, 129-133, 137-143, 268-273). All but the last homologous sequence are found within potential membrane-spanning domains. Since the 14 carboxy-terminal amino acids of the hamster and rat ileal peptides are identical, a peptide antibody initially developed to study the hamster protein was equally useful in studying the rat transporter.
In vitro translation and oocyte expression. In vitro translation of the capped cRNA from clone BS37C1 resulted in a protein with a molecular mass of -38 kD as compared with peptides generated from Brome mosaic virus RNA (Fig. 4) . Glycosylation in the presence of canine pancreatic microsomes increased the apparent molecular mass to -48 kD. This glycosylated protein reverted back to the 38-kD size when it was treated with N-glycanase (data not shown). The 38-kD protein was immunoprecipitated by the antipeptide antibody, and this precipitation could be blocked by the 14-aa peptide. X. laevis oocytes expressed sodium-dependent uptake of taurocholate 60 h after injection with 9 ng of cRNA (sodium 8 Messenger RNA analysis. Poly(A) + RNA from multiple tissues was probed with the 1,242-bp insert from clone BS37C1. 5.0-kb bands were detected in ileum, kidney, cecum, and proximal colon (Fig. 6) . The message was most abundant in ileum (RNA loading 4 Mg for all tissues except ileum, 0.2 ,g), with a decreasing gradient of expression from ileum to cecum to proximal colon. There was a very faint signal in liver and jejunum, and there was no signal in heart, placenta, and lung. A slight difference in mobility of the mRNA was seen when total and poly (A) + RNA were directly compared. This faster mobility of the ASBT message in the total RNA samples may be due to comigration with the 28S ribosomal RNA. The transcript in rat appears to be -1 kb larger than the 4.0-kb mRNA seen in the hamster. In addition, there appears to be a significantly greater abundance of the ASBT mRNA in the rat ileum as compared with the hamster ileum. Northern blot analysis of total RNA during ileal development revealed a strong signal in 21-and 28-d-old rats (Fig. 7) . No message was detected using total RNA from 7-d-old animals, although a faint signal could be detected using poly(A) + RNA ( -1% of the signal intensity of 28-d-old animals, data not shown). There proteins into a 48-kD species (Fig. 9) . N-Glycanase treatment of BBMV proteins from adult rats yielded proteins of 35, 67, and 101 kD (Fig. 10) . Indirect immunofluorescent staining of terminal ileum from adult rats demonstrated decoration of the brush border membrane of villus but not crypt enterocytes (Fig.  11 ). There was no brush border staining observed in terminal ileum from 14-d-old rats (data not shown). Western analysis of the ontogeny of this protein revealed that the protein was first detectable at 19 postnatal d, with a marked increase at 21 d (Fig. 12) . A significant decrease in electrophoretic mobility of the ladder of proteins was noted between postnatal days 19 and 28 (Fig. 12) . Transcriptional analysis. Nuclear run-on assays were performed in duplicate using nuclei from pre-and post-weaning animals. A representative example of the results of one of the studies is seen in Fig. 13 
Discussion
The development of the enterohepatic circulation of bile salts has been studied extensively in the rat including measurements of bile salt synthesis and pool size. Changes in the kinetics of hepatic and ileal bile acid transport during development have been analyzed using isolated perfused systems, intact cells, and highly purified membrane preparations ( 1-9, 11, 12) . Developmental changes in nutrition and hormonal milieu are also well characterized in the rat, and the effects of these factors on the ontogeny of bile acid transport have also been investigated. Rat-specific probes exist for molecular analysis of the hepatic basolateral transporter (13, 28, 29) but have been unavailable for study of its homologue in the rat ileum. Degenerate oligonucleotide primers, based on amino acid homologies between the rat BSBT and the hamster ASBT, were used to amplify a ratspecific probe; this probe was used to screen a rat ileal cDNA library to obtain the rat ASBT. The functional importance of these areas of amino acid identity is suggested by the ability to use the sequences to design primers to amplify BSBT from rabbit and human liver mRNA in addition to ASBT from rat ileal and kidney mRNA (Ananthanarayanan, M., B. Shneider, F. Suchy, unpublished data).
The cloning of the rat ASBT also permits direct nucleic acid and amino acid sequence comparison with the BSBT from the same species. Both proteins mediate sodium-dependent concentrative uptake of bile salts. Despite their similarity in function and general substrate specificity, significant differences exist between these carriers. The milieu in which these two carriers function is strikingly different, as the intestinal carrier is exposed to significantly higher concentrations of bile salts, which are intermixed in a complex array of bacterial and digestive substances. In addition, the BSBT is sorted to the basolateral membrane, while sorting of the ASBT is to the apical membrane. Subtle differences in substrate specificity have also been shown (30) . These functional differences are probably reflected in the limited primary amino acid homology between these two transporters. It is thus not surprising that early attempts to identify the ileal bile acid transporter by hybridization with the rat BSBT gene were unsuccessful (30) . Amino acid homologies that do exist between these two carriers may be involved in structural motifs, which are required for common functions, e.g., sodium dependence, bile acid binding, and translocation (Fig. 3) . In particular, the role of the conserved membranespanning domains may be particularly relevant to bile acid translocation. Previous investigations have shown that sulfhydryl and e-amino modifying agents inhibit bile acid transport and thus the conserved cysteine and lysine residues at amino acids 51, 105, 132, 185, 195, 270, 317, and 325 may also be particularly important for bile acid binding and sodium dependency (31, 32) .
These studies clearly demonstrate that this cDNA encodes an ileal sodium-dependent bile acid cotransporter. cRNA expression in X. laevis oocytes imparts sodium-dependent bile acid transport capacity. Northern blot analysis shows that this mRNA is expressed in the terminal ileum, cecum, proximal colon, and kidney in adult rats. Functional studies have shown that there is sodium-dependent bile acid transport in both the ileum and proximal convoluted tubule of the kidney (33 (34) (35) (36) (37) . This dimerization theory is supported by the fact that both of these bands are deglycosylated by the same percentage to yield a 67-kD band, which is nearly double the size of the 35-kD band. In addition, both species undergo a similar developmental pattern. This proposed homodimer would need to be quite resistant to standard methods of disaggregation. The dimerization cannot be the result of simple aggregation as the gel-purified 48-kD protein is stable as a 48-kD species. In addition, higher molecular mass species were not observed using in vitro translation. An alternative explanation is that the 92-kD band is another protein with a similar cross-reacting peptide sequence. The relationship of this 92-kD band and the 99-kD proteins that have been suggested as candidate ileal bile acid transporters will require further investigations (38, 39) . Preliminary analyses of renal brush border membrane proteins also reveal 48-and 92-kD proteins (Shneider, B. L., manuscript in preparation). Two potential Nglycosylation sites are predicted and correspond to the two of seven potential sites that are utilized in the rat BSBT (28) . Indirect immunofluorescent microscopy localized this protein to the brush border membrane of villus but not crypt enterocytes, which is consistent with transport studies (40) .
Molecular characterization of the development of this transporter indicates that mRNA and protein expression increases at the time of weaning, consistent with functional data regarding the development of sodium-dependent ileal bile acid transport (1) (2) (3) (4) (5) . In particular, the onset of transport activity seems to correlate with an abrupt increase in mRNA expression. It appears that the steady state levels of mRNA are regulated, in part, at the level of transcription. The order of magnitude of the difference between changes in mRNA abundance (-100-fold) and transcription rates (-15-fold) suggests a potential role of message stability in this regulation. Transcriptional regulation of intestinal enzymes at the time of weaning has been shown with the brush border hydrolase, sucrase-isomaltase (25) , where there also are abrupt changes in mRNA levels at the time of weaning. The marked increase in steady state mRNA levels is accompanied by the detection of this protein in brush border membrane vesicles, and it is at this developmental stage that Na+-dependent concentrative uptake is seen in brush border membrane vesicles (5) . The increase in molecular mass between 21 d and adult appears to be the result of alterations in posttranslational modification. A similar phenomenon has been observed during the ontogeny of the rat BSBT (Hardikar, W., and F. Suchy, unpublished observation). In both the liver and intestine, this change in electrophoretic mobility is coincident with a maturation of transport function to adult levels. Thus, posttranslational modifications may be important for the development of full transport function. Developmental changes in glycoprotein composition have been described for lactase-phlorizin hydrolase (41) .
In summary, a rat ileal sodium-dependent bile acid cotransporter has been cloned and expressed in oocytes. It is a 48-kD glycoprotein which is expressed at the brush border membrane of ileal villus enterocytes. Its primary amino acid sequence is highly homologous with the previously cloned hamster transporter and is divergent from the liver homologue. Similar topologies and areas of amino acid identity suggest regions required for sodium-dependent bile acid transport. The developmental regulation of the rat ileal transporter is partially controlled at the level of transcription, resulting in abrupt increases in ASBT steady state mRNA and protein levels at the time of weaning. During this time the apparent molecular mass of the transporter also changes. The isolation and characterization of the rat ASBT will facilitate analysis of the molecular mechanisms underlying the complex regulation of the ileal bile acid transporter.
